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(54)TiUe: 3-D MODEL MAKING 




(57) Abstract 

A method of and apparatus (1) for producing a 3-D model (35) by forming a contiguous plurality of parallel layers of modeling 
material comprising a) producing a plurality of bead producing drops of the modeling material for deposition at desired locations; b) 
controlling the locations and timing of deposition to produce vectors, in any and all directions required to produce an outer surface defining 
wall (42) of the layer with a desired surface finish; c) adjusting the distance of the location of drop production to the location of drop 
deposition in preparation for the formation of a subsequent layer, and repeating steps a), b). and c), as required to complete the model. 
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3-D MODEL MAKJyiG 
This invention relates to methods for use in a 3-D 
model maker utilizing drop on demand jet, continuous 
stream jet and vector plotting technology, and to a 
5 model making apparatus for performing the methods. 
Background of the Invention ' 

3-D model making at the present time is exemplified 
by the following patents: 

Householder, U.S Patent 4,247,508, discloses two 
10 substances, one a fill material and the other a support 
material, deposited layer by layer to build an article. 
The two materials in each layer are not in contact with 
each other while the layer is being formed because 
Householder uses a grid to separate the two materials as 
15 they are being deposited. After the materials in each 
layer are deposited, the grid is moved to the next layer 
so that the two materials may fill the space left by the 
removed grid and thereafter solidify in contact with 
each other in the same layer. 
20 In Helinski, U.S. Patent 5,136,515, a three 

dimensional model is produced layer by layer by raster 
scanning and simultaneously jetting droplets of at least 
two solidifiable materials, one material forming the 
article and a second material forming a support for the 
25 article. The second material is subsequently removed by 
heating, cutting, melting, chemical reacting, etc. to 
leave the desired article. 

Penn, U.S. Patent 5,260,009, discloses a system and 
process for making 3 -dimensional objects by dispensing 
30 layer- upon layer of modelling material using an inkjet 
which is turned on or off. according to a 2 -dimensional 
data map of each layer of the object. The 2-D data map 
is stored and relayed by a microprocessor and defines 
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locations on a matrix at whinu 

a ^.r such as is usea j p^n " 

sc.n printing. P"nting inages using raster 

The proposals previously maas ^, 
5 exemplifies above, which are belTeve/to k ' 

pertinent, are replete with 0. ^? ""^ 
=evere U^tation! wiV"^^ ^ ttr^"^"" ^" 
accuracy and quality of surfac. , "i^-^^icnal 
con^lexity of shapes that T ' '"^ 

" them unsatisfactory in Jti\"tt,.yTrr 

respect to these parameters «?uar««nt. with 

improvement, relative m f'^^^^^e a significant 

- --ct to t.e ^c.LZj-Zs^T" 
accuracy, quality of surface finish o„ .1, 
combined with the ability to J . surfaces, 
-pes specified by todaX^e:;"" 

rn- Til III inn 

The above and other objects ar. 
present invention, by producing a lodT 
method comprised of the fo,,- • ^-D model with a 
surface for supporting the , „ ' ""^^ '""""'"^ " 
^^ecting bead fro^'u n/tVs oTtLe^"' 
" ^rop at a time, upon lanTfrlrCo"':"'" 
Oead onto the support surface. " vingTh^HetTd 
support surface relati^« ^ ^ 

-ordinatesystemr-rt : to^the"' ^" " X, v 

the control of a control """"^ 
30 producing drops .rrthe ..r^Id T ^^"""^ 

Of modeling material in aU df' '°. 3'°""e vectors 
produce a layer of the model'. 'ZtT^T"' " 
Of the model, moving the .et"::d ^tlV rup^^" 
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surface relative to each other in a Z coordinate 
direction normal to the support surface under the 
control of the control means. Moving the jet head and 
support means relative to each other in the X, Y 
5 coordinate system under the control of the control means 
to form a next layer of the model on top of the 
previously formed layer. Repeating the above steps to 
sequentially produce the model. layer upon layer, one 
layer at a time, until the model is completed. 
10 The present invention relates to a method of 

producing a 3-D model by forming a contiguous plurality 
of parallel layers of modeling material conprising the 
following steps. Producing a plurality of bead 
producing drops of the modeling material for deposition 
15 at desired locations to solidify into beads to form at 
least a portion of a said layer. Controlling the 
locations of deposition to produce vectors, defined by 
overlapping pluralities of the beads, in any and all 
directions required to produce, by vector plotting, at 
20 least a desired outer surface defining wall of said 
layer. Timing the production of said plurality of 
beads, at least, when producing said desired outer 
surface defining walls of said layer to overlap 
previously deposited beads to a desired extent and to 
25 meld with previously deposited beads to produce said 
vectors, thereby fonning said desired outer surface 
defining walls with a desired surface finish. Adjusting 
the distance of the location of drop production to the 
location of drop deposition following formation of said 
30 layer in preparation for the formation of a subsequent 
said layer. Finally, repeating the above steps as 
required to complete the model. 
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The invention also rela^oo 

elongat, bead formina continuous strea. o, ! " 
■oodeling material to meld with . !, ' 
elongate bead,,)' to "e ^^^"--^ 

-terial in an, and all':::.:" ^ " " ""^'""^ 
a layer of the .odel by vectoTltt '""'^ " 
'-in, at least a desLe: :ter su",":; T,^"" 
Of the model, thereby formina " 
-"-n. .an .ith a de^sire^r/.acelrr 

-ei'^jr.^ra rrderr- " ^ ^-^ 

forcing layer upon l.ver V , ^ "9"^ntially 
-delin, material' one ^er Z :T"" °' 
following elements. A supLrtl =<»«Prising the 

for supporting the 3-B ^ ur;:r'"' ' 
on demand jet means for eiectir, d" * ''rop 

^OPS Of molten ..odelinH^ 

upon demand to meld with ^ * 
thereby to plot victors o/ I""'^ ""'^'^ 

for Simultaneous movement along at le'ast two 17="!. H 

- 1 tt termer:: -""^^ " 
w-i. said er:,iv;rt;"Li:""^" 

n-terial on said surface and i f " ""'""'■^ 

-n. When desired, .^jr.nVZ ~ ^ ^" 

Of ^vement of L Z^rji^'l^Z" ''"""^ 
=in..ltaneously along the « * ^" 

^ - coordinate i^^"^virz::::::' ^ 



wo 97/17664 PCT/US96/17044 

-5- 

timing of the ejection of bead producing drops of molten 
modeling material by the jet means to overlap previously 
deposited beads to a desired extent and to meld with 
previously deposited beads to generate vectors of 
5 modeling material, defined by the beads, in any and all 
directions required to produce, layer by layer by vector 
plotting, at least a desired outer surface defining wall 
of the model with a desired surface quality. 

The present invention also relates to a 3-D model 
10 maker for producing a 3-D model by sequentially forming 
layer upon layer, by plotting vectors of modeling 
material, one layer at a time comprising the following 
elements. A support means defining a surface for 
supporting the 3-D model during production. A 
15 continuous stream jet means for ejecting an elongate 
bead producing continuous stream of molten modeling 
material to meld with previously deposited beads, 
thereby to plot vectors of modeling material defining 
the layers. Mounting means mounting the jet means i) 
20 for simultaneous movement along at least two axes of an 
X, Y, Z axis coordinate system relative to said surface 
to move the jet means along any desired vector direction 
while said jet means plots said vectors of modeling 
material on said surface and ii) for movement of the jet 
25 means, when desired, along all three of the X, Y, Z axes 
of the system, relative to said surface. Control means 
i) for providing vector plotting control of movement of 
the mounting means to move the jet means simultaneously 
along the at least two axes of the X, Y, Z axis 
30 coordinate system, and ii) for controlling the 
volumetric rate of ejection of the bead producing stream 
of molten modeling material by the jet means to generate 
vectors of modeling material, defined by the beads, in 
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any and all directions required to nmn 

layer by vector Plotting, afleast a nor" 

the outer surface defining llnl of t. " °' " 

substantially continuous LcZIs LTL^T ^ 

wans Wit. a desired surface ^ai^y 

3 D «del n^ker acccrdi^^g « the invention- 
"S. 2 IS a diagrantiatlc illustration . 
■J^ick fill method for filii„„ 

model; ^ interior portions of a 

vi.«s"^r..' ' perspective and plan 

Views, respectively. of an ° P-^an 

structure; egg-crate" lattice 



20 



15 



r.inf::s„e„L rre .uhhoir"" ^-^-^ 

20 p. hollow models; 

fig. 8 is a diagrammatic illustrate r,n 
fill method for guicklv finsn °^ ^ P°«<ier 

model; ^'^""^ ""'^^^i^^ portions of a 

singllt^e: :ros"of7 "^"^^^^ illustrations of a 
Of I holloTmodei °" 

Pig. 11 is a diagrammatic illustration «^ 
for supporting inclined wall structured ' 
Fig- 12 is a diagrammatic illustration 
resonant quick fill „.ethod for use with ^ , ^ 
»0 structure; ^ inclined wall 

Fig- 13 is a diagrammatic iliustratior, u 
methods of Fios 9 -^-^lustration. of how the 

ox Figs. 9 and lo maybe used together- 
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Fig. 14 diagrammatical ly illustrates a method of 
layer growth control in which the top layer is milled at 
preselected intervals; 

Fig. 15 diagrammatically illustrates a method of 
5 improving surface finish by milling each layer; 

Figs. 16-18 diagrammatically illustrate a method of 
preventing burr formation and de-lamination of the model 
during milling by providing an outer support wall around 
the model: Fig. IS shows the burrs formed without a 
10 support wall, Pig. 17 shows the burrs formed with a 
support wall, and Fig. 18 shows the final burr free 
model after removal of the support wall; 

Figs. 19 through 20 diagrammatically illustrate a 
model built by contour molding techniques; 
15 Fig. 22 is a diagrammatic plan view of a cross- 

sectional slice of a transparent 3-D medical model; 

Fig. 23 is a diagrammatic illustration of a jet 
head and material supply system for emitting a constant 
stream of modeling material in liquid form; 
20 Fig. 24 is a cross section of a continuous bead of 

molten material deposited by the system of Fig. 20; 

Fig. 25 is a top view of a continuous stream and a 
continuous bead formed thereby; and 

Figs. 26 and 27 diagrammatically illustrate model 
25 makers with a plurality of jets for simultaneously 
building a plurality of models by moving the jets in 
parallel motion. 

Detailed Description of the Invention 

The Model Maker Apparatus 
30 Referring firstly to Figure 1, the 3-D Model Maker 

1 of the present invention comprises a frame 2 which 
supports a horizontal pair of spaced apart rails 3 
extending in an X-coordinate direction (axis) 4 of the 
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Model Maker. The ra-iie ■> 

cccrdinat. direction ,„i., J' , ' 
S are supported at their end. in ;..ri "r,""' 
5 coordinate rails 3 to permit th. v '""^^ ' X- 
=Ude alon, t.e X-coordL™ raii "^n ,1" " ' " 

direction. Motion of the ^ZLJ ^""ordinate 
X-coordinate raiis is achL^d t" the """^ 
^ drive s csho™ displaced .ro„ the Lratu"s"o:'cl' 
10 powered by a motor 9 which inm ^ "^"^ clarity) 
- - ascertain and ^ie":!^:": I^^^^^ 
coordinate rails relative to i 
carrying a cubic model) alona th/v ™ '° 

control Of a system loaa' ^"Coordinate under the 

,5 system logic controller 11 

The Y-coordinate rails 4 support a car^,- 
Sliding movement therealong under the 00^ ^"' " 
driven motor system 13 wi X ''^ ^ 

to that descriL^r: :rr" " 

coordinate rails Th<« . ^^^pect to motion of the Y- 
- the s..a„ i::i= ToL^Srer u -X 
determine the position of th. 0.^^!." "T"'" 

« .ets jri/rtrectirs:: ■• °- ^'-^ 

'or ejecting head. o£ . ^^r " ' ^= 

-terials are hereina^terTscrlTd ' ' 

The Platform io can be rlis^ "Skater detail. 

tc the carriaae 12 1„ T , relative 
» .ens ora^st^p?; :~rd""^"' 

- nnt 1.. ... r.trri\r:c 
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platform 10 to raise or lower the platform upon rotation 
of the screw by a belt drive 17 from the stepper motor 
15. The platform 10 is guided by bearings on guide 
posts 18 which extend in the Z-coordinate direction. 
5 The guide posts 18 are supported rigidly by the frame 2 . 

The system logic controller 11 determines the 
position of the platform relative to the jets 60 in the 
Z-coordinate direction and the timing of ejection of the 
bead producing drops of material from the jets 60 using 
10 software instructions not unlike those utilized in 
vector plotters to control the motion of the vector 
plotter pens in the production of the drawing as will be 
well understood by those skilled in the art. 

The frame 2 supports a power supply 19 which 
15 provides the power for the various systems and motors of 
the model maker in accordance with their individual 
requirements and the commands issued by the system logic 
controller 11. Adjacent one end of the X-coordinate 
rails 3 is a jet checking and cleaning station 20 which 
20 will be described in greater detail hereinafter. At 
that same end of the X-coordinate rails the frame 2 
supports heated supply reservoirs 21 which store MC, 
bulk MC and SC, as required, for supply to the jets 60, 
by way of feed reservoirs 22. A pressure punp 23, is 
25 supported by the frame 2 to pressurize the supply 
reservoirs 21 when the media carried therein is required 
to be transported to the feed reservoirs 22. 

The X-coordinate rails 3 also support a model 
shaving system 24 the use of which will be described in 
30 detail hereinafter. The model shaving system 24 
comprises a slab milling cutter 25 which is belt driven 
by a motor 26 and includes a housing 27 for connection 
to a vacuum line by way of an outlet 28 to facilitate 
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removal of shavings produced by the mortal v, • 

magnets 31 for engaging the carriage 12 v 
syste. s for ^.ing ..^ .ning ^ter ^Z^TT 
5 coordinate rails. The milling cutter 25 

extending in the -coordinateVr::!! ^ L^^l^^^^^^ 
at least as great as the dimension of the IT, ^ 
the Y-coordinate direction. '° 
2t will be appreciated that a nlurai,-.- 
10 groups could readily be a..o . ^^^^^^^^^^ of jet 

^ accommodated on a c-in^i^ 

c„ra,ge, with means for adjusting their .n. 
retired, as.ociat.a .ith a con^n x , Jf 7,. 
arrangement, shaving aystam, controller nJ™ 
eto. in a single »del malcer, to pe^t ' 
« n.«leli„g Of a plurality of lika^'t . 
aescrihed in greater detail. 

It will be appreciated that whil. 
descrihad with reference to Pio , ' 
movement of the Jets 60 in the X V oo . " " 
^0 ana ^vement of the platf::^ ^o" iT^ ^"00?:"'°" 
direction, other arr«,ge^ntB woula be l^rent ! T" 
-Mllea in the art. m fact, the X TT " 
^vements may be provided by moving e^th^r t 

desired coordinate ^Lnts'C™ 
. Che . coora\.r= JTa^iarr 

contrcu::"a" r:::::r:er' """^ ^^^^ 

to be a single a p^uralt' "^"""^ 

Plurality of separate control 
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units interacting as needed could together form the 
system logic controller. 

The MC and the SC are very different compounds. 
Their most important characteristic is that they both 
5 phase change at similar temperatures, but respond to 
completely different solvents. The solvent that is used 
to remove the SC has no effect on the MC and vice versa. 
This creates a very convenient handling environment, 
plus the solvents used are very common and 
10 environmentally safe. 

Other differences in the modeling materials are in 
their density and surface tension. Because of these 
differences the functional fluid level of each material 
is different. Basically the MC {sulfonamide based 
15 material) fluid level in the feed reservoir is about 25 
mm above the fluid level in the jet head reservoir. The 
fluid level in the SC (wax base material) feed reservoir 
is about 25 mm below the fluid level in the jet head 
reservoir. 

20 Modeling and Support Compound 

Turning now to the media, the wall and fill 
material are, at the present time, preferred to be one 
and the same, namely .either. 

Formula 1 . Parts by weight 

25 a) Ketjenflex 9S 90 

b) Vitel 5833 lO 

c) Ultranox 626 i 
SL 

Formula 2 . Parts by weight 

30 a) Ketjenflex 9S .85 

b) Vitel 5833 lo 

d) Iconol NP-lOO 5 

c) Ultranox 626 1 
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where : 



.) Kec3enne>c is <,0/60 Blend crtho-Toluene 

from Akso Chemie - Chicago, IL 
Vitel 5833 is Polyester resin avall.hi. . 
Chemical coripany - «cron. OH 

mtronox 626 is Phosphite antioxidant available 
fro. O.B., specialty CheMcals Inc. . Par^er^^^^; 



c) 



10 d) 



iconol NP-IOO is Nonylphenol Ethoxylate available 



The Support media is preferably: 
15 a) Candelilia wax ^'arts by weight 

Refined, light flakes 65 

b) CPH-380-N 

c) Ross Wax 100 

d) Eastotac - H 130 
or 

H 100 

e) Irganox 1010 
where : 
a) 



20 
10 
5 



CandelUla Wax is low resin natural wax available 
from Frank B. Ross Co.. inc. - Jersey city nj 
CPH-3B0-K is N.2-Hydroxyethyl StearaJde availLe 
from The CP. Hall Conpany - Chicago. IL 
ROSS wax 100 is Pischer-Tropsch Wax available from 

30 d) I ■ ^^"^^ ^'^y' 

available from Eastman Chemical Products, inc - 
Kmgsport, TO » 



b) 
c) 
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e) Irganox 1010 is Hindered phenol antioxidant 
available from Ciba - Geigy Additives - Hawthorne, 
NY 

5 It is in^jortant that the above materials have the 

proper amount of self adhesion as well as adhesion 
between the build material and support material. The 
adhesion property is very iir5)ortant in minimi2ing 
problems of warpage and proper strength of the finished 
10 model. In addition the two materials must have the 
right properties for proper cutting during the cuts for 
Z dimension control. These properties are: 

1. Materials must be hard enough to cut with 
slab miller without blade contamination, 
15 2. Materials must have matched crystallization 

rates. 

3. Materials must have similar melting points 
and thermal coefficients of expansion. 

4. Materials must not be soluble in each other 
20 euid further each must be capable of being 

dissolved in a solvent which the other 
material is insoliible and vice versa. 
Model Building 

Using the model maker 1 a three dimensional model 
25 is produced using a thermoset drop on demand ejector 
(jet 60) at a desired "'drop pitch" to produce a vector 
outline of the inside and outside surfaces of a given 
layer. Preferably, said vector outline is repeated one 
or more times by off setting subsequent vectors from 
desired outlines depending on part geometry and build 
strategy (solid model or shell model) . The amoxxnt of 
offset is referred to as ''wall pitch" . These parameters 
can be varied to produce a high quality surface 3-D 



30 



25 
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model. Both wall niteh ^ 

vari^rt ^« . ^"""^ P^'^^^ can also be 

var:Lecl to produce a layer thickness range of from «h ! 
.03 n™ to about .18 which will result in J 
seU ,e surface finish/build tillta^e off"i:n 

™rer"ii~ :: vr-^ - 

additional software controVrhat^^""^ ^'^"'"^ ^ 
surface quality. ' " «"^ance 

0 a ti^r " horizontal layer at 

UT^fe^r ™ - " 

using drop on de^nd lets w.rh """^ " 

bead Pitch is controlled by v^rvinc thl 
Of bead producing drops of MC^to! th °' '"""'^^ 

! to the velocity acceLr!!- 

Of the ,et. sr h rtus hti""^^ 
constant width and a -irers:rfr;"^3l\t;t:™^ 

fUnnq Tnrerl n r ^r r i s s^of f-h. m..^^ 
The jet heads 60 preferabiv h=„^ 
is capable c. cpera.^ ZZ'ZZTT"'^' 
constant refir. „t.. for exanple " 000 Htz 
Size bead of mc is ^'-^e, b.ooo Htz. The same 

°t «C vhich are =Tpr«iiteiv ^ ■ 

^Proximately twice as large as ^h«. 
^.as e^„ea at ^.^^^^ r.«.\" , 
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the resonant refire rate, the jet emits several times 
the volume of MC the maximum control refire rate, e.g. 
2 times the number of beads that are approximately 2 
times as big, thereby building the model several times 
5 as fast. Thus, at the resonant refire rate, the model 
can be built up much faster than at the maximum control 
refire rate, although due to the increased size of the 
beads and a decrease in consistency in bead size of MC 
being deposited, there is a corresponding decrease in 
10 the surface quality of the model produced. 

Operating the jet head at a non- resonant refire 
rate, at which consistently sized beads W of MC are 
ejected from the jet, may be advantageously used to form 
exposed inner and outer walls 34 of the model having a 
IS desired surface finish. While interior portions 36 of 
the model, which will not be exposed in the completed 
model and therefore do not require a good surface 
finish, may advantageously be filled by operating the 
jet 60 resonantly to eject large beads I of MC from the 
20 jet 60, as illustrated in Fig. 2. This technique 
reduces build time by approximately 50 percent or more, 
while maintaining high surface quality by building outer 
surface defining walls via vector plotting at a 
controlled refire rate. 
25 As discussed above, when ejecting beads of MC from 

the jet head at the resonant frequency of the jet head, 
the beads I of MC ejected by the jet head may be twice 
as large as the beads W ejected at a non- resonant refire 
rate used for forming beads of uniform size. Therefore, 
30 it can be appreciated that approximately only one layer 
of beads I fired at the resonant frequency is required 
for every two layers of beads W fired at the maximum 
controlled refire rate, as illustrated in Pig, 2. The 
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20 



25 



30 



control non-reso„„t frequency. Therefore, it Is 
desirable to Mil .long ,»chi„e Un. 37 after fUUng 
5 every two layers of beads H with a single layer of b «s 
I to provide constant layer growth. 

The model may be built using two heads. On. head 

at th?:""' ""'"'"^ "^"^^'^ ^"^"^"^ 

at the non-resonant controlled frequency and for guickly 
filnng .n voids in the „„xjel at resonance, and a^ec^d 
h.«l for emitting support material at the c™T f 
'-quency to fill in voids in the mode or t> s^lr 
overhanging portions of the model it c.^ T ! 
appreciated that rather than firing the fir" head « 
reson^ce, a third head with a la^er orific. ty b 
"«d to emit larger beads of modeling mat.ri^ or 
support material and thereby fin i„ interior ^ac.^ 
^.^y without necessitating a resonant r.fir. rate, " 
to fUl .n even more quickly using resonant operations 
Interior portions of the mr.A^^ i^«^ations. 

Plotting techniques tL T fa^er^t^"" 
Plotting, such as raster scanning"^ ^^ter lX 
scanningtechniq.es, to further saving on buurtir^ : 
Fill Mar.^Tfi^ 

mi. void filling has been discussed using lar»e 
beads I Of HC ejecfd from a resonating j.t 60 or fr« 
. delicate* larger orifice Jet, other filling systir 
«e contemplated. For «campl.. voids could b. f ined^ 
qorck set foams ,..g. ur.than., or other qutk setting 
»a/or^ic. application ^terials ,e.g. waTes, 
UV setting liquids etc.) powaers, 

m an additional method of filling voids at the 
conpletion of every so ^any layers and pref er^l'y UTe 
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cutting, round beads or small particles at ambient 
temperature maybe added to fill the void to the top of 
the last build layer. These particles can be of the 
build material (MC) or could be of any other compatible 
5 material. Rather than beads, a fine powder may be used 
to fill the void, as illustrated in Fig, 8. 

After filling, at least the upper surface of these 
particles are glued or welded together by jetting beads 
from either the build material jet or the support 
10 material jet. After cutting, the model building 
proceeds as before. 

Honev-Comb Quick Form and Fij,?, 

When final surface quality of the model is not a 
critical factor, such as when producing a concept or 
15 prototype model 35, open skeletal prototype models, as 
illustrated in Figs. 3 and 4, may be built in order to 
test fit, form and/or function of the produced model. 
The entire skeletal prototype model 35 may be built 
using a common grid or lattice structure 36 without any 
20 enclosing perimeter walls. 

The lattice structure 36, as illustrated in top 
view in Fig. 4, is formed by two sets of orthogonal 
parallel walls 37 and 39 that intersect to form a 
plurality of vertical column-like elongate square spaces 
25 38 therebetween. The resulting model 35 consists of an 
egg carton structure or honeycomb lattice 36 structure 
with no enclosing outer or inner skin (except where a 
wall coincides with the outer extent of portions of the 
model) and no enclosing upper or lower surface close- 
30 offs, such that the spaces 38 are open on the external 
surfaces of the model, forming an open skeletal 
structure. It can be appreciated that any number of 
walls, intersecting at any desired angle (s) , may be used 
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to form any desired lattice srrn,^^ 

=«a.onaZ .o.e.c=^ ^^^.^ ^^-^ - -s « 

5 support sections 40 with sc L """"'"^ 
- in.st„tea i„ .Host r-pi,"' -^«-ctio„s .0 
lattice stn,cture 36 for both the ' " ' 

the ™=del 35, it is not " 
upper surfaces of the sun^ " °" 

0 deposition Of «c on to^of tTe ? " 
The a^ov. techni^e pro^de TorT. 
speed production of a cLcept or ! ""^""^eous high- 
'^e open structure of the »de\ Tncrrses"* 
>hd allows tor air flow m ' """^ 
^ Prcviaing for ^ic end efficient cool" 
fo-ing the model and of thl ^ f ' 
"ctions. The ^ic. cooling of theTc'l'f. '"^^ 
taster deposition of MC and sc „o 

ot the need to for. outer surface rfrin:''"'"'"™ 
»alls closing off the „««el fur!h« !. ^ """""^ 
The co™„on grid structure of T 

advantageousrusrtTro ~:^^rr'"' - 

producing -near net shape- castings. -He" net ^ " 
"■eaning a casting that only requires a ml! , 
^Chining or finishing to ac^e" °' 
Shape and/or surface quality . T . 

^or exa^le, ^y be';rod„'ced via " nlar" 
casting process, because only a JlrV °" 
in particular the i^act surf ace T^X "J,;*^ 

o£ cne Club, requires 
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a subsequent finishing step to achieve the desired 
surface quality. 

To produce a model 35 for near net shape casting, 
a skeletal model structure 35 is first fabricated out of 
5 MC using the above common grid, egg-shell lattice 
structure 35. The inner and outer skin of the model 35 
is then formed, if desired, by dipping, brushing, 
coating, or spraying the model 35 with a sealing wax or 
other suitable material. The sealing wax serves to 
10 seal, enclose and/or fill the open spaces 38 in the 
lattice structure 35 that are exposed on the outer 
surfaces of the model 35, 

The near net shape model 35 may then be used to 
form a wax mold for investment casting of a near net 
15 shaped casting, which is then machined by any 
conventional machining process to the desired final 
shape and/or surface finish using cast datum surfaces 
per conventional computer numerical control or other 
machining process. Machining datum surfaces may be 
20 added to the data file to create datum surfaces on the 
near net shape model 35 to provide a convenient, 
accurate means for controlling subsequent machining and 
casting operations. 

The need for a subsequent finishing step may be 
25 eliminated by enclosing desired portions of the near net 
shape model, corresponding to the portions of the final 
product having a desired surface finish, the striking 
surface of a golf club, for example, with outer surface 
defining walls having a desired surface finish, via 
30 vector plotting as previously described. If multiple 
castings are desired, a plurality of wax molds may be 
formed out of the coated near net shape model 25. 
Moreover, a plurality of near net shape models 35 may 
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casting engineering resins, i.e ureth.„.. 
. used „ ^e a plurality , of siUcZ t^;/! ™L'^ 
»ol.s .or invest^nt casting engineerinnsins 

^ Layer r^T^nt.^^ T-nrrPi 

.e.e:r%irro/:oirr ttio~-^ 

fron, n^chine to n«,chi„., presently tlf " """"^ 
method o£ controlling the 2 a^Is is t= .r^' 
" selected intervals. within gilen ra" ""'^ " 

ic -*-«xer. It soon accumulatee ci=.k 

" mining the top surface after selected inte^, ]Tr 

, e^niple, along nachining line « i„ pi, '~ 
that the vertical growth i Jae' .s 
cU^nsional control as the X and V It 

^. seiecmrit'i'is "htips'ir r - 

stresses, .cc^l.ted .oTshrLa e^^;:,,:— ^^^^ 

r:::L: rer-Tirc::::, ~ - 

stresses so th.^ "^"^ ^^^^^ ^^^^rs unbalances the 
tresses so that the stresses remaining actually work 
25 oppositely and cause those layers to ten! to wa« inT!^ 
other direction. However withth«^- ^ ^he 
the layers are ^ing .uUt^ ese^s n^^tt: 
c^seprcie™. To maintain a precise .-^aJ lii, 2 
model shaving system 24 is utilized aft.^ 
10 layers (preferably five) of JLi 

laid H« ^ modeling compound have been 

laid down. When the controller u senses a «c!t 
command" the rai3c p =="s.es a cut 

rails 5 and carriage 12 assembly move to 
engage and "pick up- the shav!n« 

f tne Shaving system via two 
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electromagnets 31 and translate the milling cutter 25 
across the model at software selectable cutting speed 
and feed, return the shaving system 24 to its home 
position, release the engagement and continue building 
5 the model. The milling cutter is coated with Poly-ond 
to facilitate release of shavings from the model for 
removal by sub- atmospheric pressure connected to output 
28. 

The stresses created in the walls of the model by 
10 the mill cutter during machining may cause the walls of 
the model to de-laminate, fray and/or chip. In order to 
minimize the stress created in the wall during 
machining, a coarse cut that removes most of the 
material to be removed during milling and removes any 

15 high spots, is followed by a fine cut that removes less 
than 0.01 ram (0.0004 inches) of material during a return 
pass of the cutter. The resulting stresses created in 
the model during the coarse and fine cuts is less than 
the stresses created during a single heavy cut. 

20 Moreover, the burrs created during the fine cut are 
smaller than those created during a single heavy cut, as 
illustrated in Pig. 16, or during the coarse cut. Thus 
the fine cut removes the relatively larger burrs created 
during the coarse cut, resulting in an improved surface 

25 quality. The fine cut is preferably a climb cut to 
further minimize stress and burr formation and maximize 
surface quality. A climb cut is a milling cut in which 
the milling teeth descend onto the material to be 
removed. 

*0 During milling, a vacuum provided at outlet 28 

evacuates the particles of MC and SC removed from the 
model by the mill cutter. The vacuum action further 
serves to cool the layer being cut, and to cool the 
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cutter blade as well for the fine cut durina t>, 

^^^^.^^ir'^.T-' - -"lit: 
support Lra^rio^rit'ttH^^^ 

S evacuated .U.out ^„^„, tJUe. Mad: 
AUemf^rina Prnn ^p,„ ^^^ ^ 

Warpage is the single most difficult nrnHi 
overcome i„ producing high accuracrparfs " " 
fundamental properties of the vr^.Z 
' support a severe wam.„o P«sent system would 

severe warpage control crohiom i™. 
■nat.ri.1 used to produce r,arr.>, ^ '"'^'^ 

shrinlc rates (18* « "stf \ ^'>«"'«lv.s higi, 

sravuy i„ one £or« versus another suol 

versus solid, there .ill b. " 

Phase Changes The " -«>"«able shrinkage during 

prcir as Te /rr:uVr"r". 

.her^l e^ansion that aU oUds";" 
parts are for,«d hot and are used old th^' ™" 
a problem «ith waipag.. " ""a^' 

To overcome the problems of shrinkao. 

=d pr:— r.'—r f ~: 

-in^g. occur/wbi^: ttl: isTrrtetd"^ 
as the drop hit. the building sur/aoe b 1^ ,^ 
li^ld drop hits the sur4. ^ has . h^"' 
completely flo. into the previous dr» iV T " 
Shrink, ^ begins to 
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Controlling part geometry, material temperature, 
bead pitch, flight distance/time, wall pitch and 
building surface temperature together with layer milling 
can control the shrinkage to where it has minimum effect 
5 on the part to cause warpage. To achieve this, material 
temperature, flight distance/time, and building surface 
temperature become standard machine settings, while dot 
pitch, wall pitch, and layer milling are operational 
variables. Controlling these variables allows maximum 
10 influence on warpage and dimensional control . 

Beyond all of these factors is still the problem of 
individual drop shrinkage. Therefore, a major 
objective, regardless of the approach, is to control 
drop shrinkage. There must be enough fluidity left in 
15 the drop to assure coherence to the previous build, but 
not enough to cause warpage. 

Cross Hatching Pattern Fil l & Waraage Control 
It is practically iii?)ossible to totally eliminate 
all shrinkage and warpage during building, but it is 
20 possible to control it within allowable tolerances. 
When warpage is still a problem, imaginative fill 
patterns begin to play an important role. Double 
crosshatching bi-axially reinforces the section of the 
model to help eliminate anisotropic shrinkage. 
25 Uniformity in fill patterns enhances dimensional and 
shrinkage control. With fill wall pitch it is important 
to obtain maximum reinforcement with the least amount of 
material to keep up with the perimeter build. In some 
cases it may be necessary to alter the perimeter 
30 conditions in order to match the fill pattern build 
rate . 

Typically, bead pitch is a settable parameter. In 
one shrinkage reduction technique, a drop is placed at 
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a specific first bead location whe^p ^K 

would nor^ny be placed there is a spl/e T 

cirop is then placed where the third bead hei 

pattern is repeated for belongs. This 

single drop pi.ch shift occur^ ' 
repeated. As a result, the drops of tM. " ""^ 

are placed i„ the spaces betleen 'hf 

Cotpletihg this Shifted i>atV. 
» fi'iAircea pattern coniDletefi t-v.-. i 

' This he repeated throughout the plrt 

o»ay Where warpag. or di^nsiohal contrf, " 

" be a prohl«.. .dv«,tage is hi ""'^P'"- 

the opportunity to fully shrl„v ! ""^"P '^^ 

other drops of that^ ZT "^t r^t" 
the vast »»jority of the shrinkage has !l„a^ "°" 
ana the object is effectively hei^ ^ 
'"•^ material. „i„.^,,, stre!^ s'.h^:'' "'f 
Uttle or ho effect on the layers 

Lattice Simnni-^ <;^>^,p^ . ^ 

Shell models are intexTal ! '"^ °' '"""^ 

These patterns ailowT ./ ''^^^^^ ^'"'"^^ °^ 
paccems allow building models with 

tensity. Basically they consist of .^Us of 
thrcicnesses and pitches running either t ""^^"^ 
M-directionally. Orientation of trp't "^^ 
carefully considered to ensure ..n^r CaW " 

In some modes, their c>,»,s 
problem .h«. using uSd/rectlonal"' "^^'^ 
additional .arpage =o«. as . teluu";™'; '^'^ 
stresses in one direction, m thesT«.es ch! 
support pattern orientation „„y decrea.; tt^'"' 
problem by re-distributing the stre " Tan^X^ 
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the unidirectional pattern chosen continues throughout 
the part. 

Bi-directional lattices consist of bi-directional 
walls in the same layer. This is particularly helpful 
5 with smaller aspect ratios that require the same 
reinforcement in all directions. In cases of larger 
aspect ratios there may be reasons to vary the pattern 
pitch from one direction to the other to further 
increase the control of warpage. 
10 Basically, the major reasons for lattice patterns 

are: 1. Density reduction. This has several direct 
benefits. First there is the obvious benefit of less 
material and therefore less expense. Second, there is 
reduced time required to build the model. With 40% less 
15 material a comparable solid model will take considerably 
more time to build. 2. Warpage control. While warpage 
is a relatively minor problem, the fill pattern options 
further reduce it to the point where secondary solutions 
such as annealing and f ixturing should accoiint for only 
20 single digit percentage of applications. 3. Reduction 
of strain of a wax pattern on the ceramic cavity during 
processing in an investment casting operation. 4. 
Model cooling is quicker. 

There are several factors to consider when 
25 determining the type of lattice pattern for a model. 1. 
What is the minimum amount of material required for the 
model? Sometimes the model may have to be solid. 2. 
What is the anticipated warpage? 3. What is the 
desired outside wall finish? This must be considered in 
30 those cases where the wall type selections cause 
accelerated build rates. These cases require matching 
the build rates of the exterior walls with those of the 
lattice walls. 4. Is the part going to be closed off? 
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Depending on the height of the part ^>, • • 
the pattern pitch. The shallower 'the n '"''"'"^ 
the pattern pitch has to be. ^""^ 
Structure lattir<a vi^,-*,* 
5 h.v. be.n described Jo" a ' ' « 

reinforcing wans 1,0 interconnectir, « 

outer walls. Pig. 5 iUuscraterr! ' 

and 4 in Which the bl ^- ^"lation of Fij. 3 

0 ter^nate in an il.r Urit^".:'*'''"^^"' 

formed in each layer after th. i» 

°^ -at layer haa heen ^or^^rTt^"' ""^ 
Mdesirahle stresses in the arrangement 
. -rface discontinuity or warpage thereof " 
■ or eliminated. Alternatively 'ona""'" 
■My be filled with a lattice fiiT.r 
o£ approxlMtely halt of th. """o^re with . gap 

l«tice fill' stLcture andT 
Shrinkage of the lattic; fill """^ 
structure is extend. fi\li„' L '"^ 
"11 structure with th. outer l^,!"" 

Fig. 6 is a horizontal e^-^o^ ' . 
cylindrical tower mode, c"""" °' = 

reinforcing walls 123 spaced by ribs°"ir''' 
unitary structure. Mg 7 '° 'on. a 

Closing the top of a soul ^ "«tl>od of 

illustrated in I,' ^ ^TT . « 
tn« tower is to be closed inch"""'" °' 
«del layers approach the closed too r*™"' ""^ 
over the entire area of the co«r Ti'hT 
some of these droos fo™ k.... . that 
reinforcing walirL ~ f.^^' '"^ of the ,- 

reinforcing walls to fori beads atThe " 

«^as at the bottom of the 
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tower as shown as 126. As the layers are formed 
progressively toward the closed top, the width of the 
walls increases as additional beads are formed thereon 
until the space between the reinforcing walls is closed 
5 as shown in Fig. 7. The solid top can then be 
completed. The interior of the model may also be 
quickly filled with a particulate or powder material as 
illustrated in Fig. 8. 

Fig, 9 illustrates an alternative method of closing 
10 the top of a square tower model, such as illustrated in 
Figs. 3 and 5,. with a single layer of modeling material. 
In this arrangement, when the model layers reach the 
desired closed top of the model, the last deposited 
layer is machined along plane 141 prior to closing of 
15 the top of the model. Beads 143, 145, and 147 of molten 
modeling material are ejected in a first jog pattern 
during a first pass and beads 144, 146 and 148 are 
depositing in a second jog pattern, offset from the 
first jog pattern, in a second pass, as illustrated in 
20 Fig. 9. The beads of molten modeling material 143-148 
flow down the sides of the walls and, due to capillary 
action, surface cohesion and surface tension, contact 
and meld with adjacent beads, closing off the top of the 
model with a single layer 151 of modeling material, as 
IS illustrated in Fig. 10. After deposition of the single, 
the layer 151 is machined along plane 151. 

Since no drops fall between the reinforcing wall, 
the modeling material is more efficiently used when 
closing the top of the model of with a single layer, 
0 than when closing the top of the model with a plurality 
of layers as previously described. It can be 
appreciated that the single layer close off will only 
work when the reinforcing wall pitch, i.e. spacing 
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between the reinforcing wal3« 

aa^cinin, arcps co.t« ^ .j,,^; '--t 
Sesonant firing of the let he^ 
larger drops =f n»..uV:^teri,; 7 " 
= "P Of a „oael ana there^Tncr.",, t." °" 
Pitch capabiZity-of the LgleTaU , 

in a wall « bein/for™^ L"?' * ^" ^^9- 

' .'or exa^ie. approxi.It.ly ZZl f'r"'""' 

the next deposited bead 44 is „or ""'^"L if 

-Ude or roll off of the preliouslv'^"""^' " ""^ 
-der its own weight, resui™ . .'u " 
desired inolined wall stn.ctur! 4. 
ihter layer build angle A exceed,, ""^ 
support beads s, the si.e o, "'^'^ 

deposited adjacent the previouslvr^'* 

beads 46, in particular se! '^"""'^ '""ing 

illustrated in pTg „ vl^T '""^ ' " «d 4, 
-t layer of be.ds'44 ^f^^"" ^^V^^^'"™ °' 
angle A exceeds the critical angu ^he ;"!:"' 
performed with a single layer fin " """^ 

than With the ti.e saving doLie\ "r^""' 
techni^e described above ^ 

The double layer resonant fin 
b. used, however, to guicMy ,i, , ■ '''"^'^^ "ill 
the ^del Where the i«er"ayer"u 1 "a"! """'"^ 
than the critical angle as di^/ ' * 

"9- " in Pia I. ^ """""^ illustrated 
located at levels 4s' ^d So' 

«e e^al to the ^c;Airi rngi:"^'d' ™ ™" " 
«all 51 between lines 4/a:d 7ris l^''^'l 
"terlayer build angles that are less thL l^ri^T, 



wo 97/17664 PCT/US96/1 ^044 

-29- 

angle. Therefore, the portion of the model between 
lines 48 and 50 may be quickly filled using a desired 
quick fill method, for example, resonant fill, or 
continuous stream fill or spray fill with U.V, curable 
5 material, etc. as subsequently disclosed in detail. 
Whereas, the portions of the wall 51 below line 48 and 
above line 50 are formed with interlayer build angles 
that are greater than the critical angle, therefore 
these portions of wall 51 will collapse if not supported 
10 by support beads S. 

It will be appreciated that, depending on the 
geometry of the jet head, the beads fired at resonance 
may be N times as large as beads fired at the maximum 
control frequency- In which case, interior portions of 
15 the model will be filled by depositing a single layer of 
beads formed at resonance, after depositing N layers of 
beads defining the outer surface defining walls at the 
maximum control frequency. 

External Surface Finish Control 
20 The jet head traverses in a computer controlled 

fashion to create 3 dimensional objects as earlier 
described, by repetitively applying layers of MC with 
varying or the same cross- section until the desired 
shape is obtained. In this manner, walls are 
25 constructed a droplet at a time at various spacings or 
bead pitch. 

As the jet dispenses the MC droplets they land on 
a substrate and form beads of a thickness about one half 
of their diameter after solidification. Depending upon 
30 the pitch, these drops can be deposited in an 
overlapping pattern. When new overlapping droplets hit 
the solid drops below, their momentum causes them to 
splatter slightly forward in the direction of printing. 
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The resulting fonnation is similar rn ^>, 

be achieved by laying soft dTs.s in . 

disks overlapping each other. Z ,11 ^ 

be 75% or more with ^«rh k , ^ '^^^^^^ °^ °^erlap can 

3 one a. ^..Cw^r^rr ^^^^^^^^ ~ 
After a signitici^t number o£ laTer! . 
a ropi„3 or serpentine pa.te^ ^ " 

wan „hen viewed Jr™ the siaf 2 ' 
be undesirable in .o.e appurticnr^ 
" Significantly ai^nished or totaUv " • °" ^ 
addition Of an in^diately adjacent 

actual nu^er of walls be IT 

factors ,such es vertical build rat,, inTddTt' 
retired finisb. ™e .all tbictoess , ^ p Ucb^ 
« be set to whatever is required. " 
In single pitch walls meaninn . 
a ainale drop allowing the fTuTd drcpl" " 
o£ an interior »aU when it , 
aroplet wets inwardly Is .eU as T' 
" building, reducing tL voCe of I,::;:"^"" T 

^nfiu::::"r errt • -.-le 

« effect their ends"!:: rjhe'rwaU "i^ T™^ 
thictaess «cterior walls this mass related """ "^''P^' 
reduced. As the exterior wall i' f f'^-^"*"™ i« 
ratio Of lattice material ani tin 

in favor of the walP so tK ^'■"'=<' 
" effect in the wIll fLs; ' 

;o.„a:^\~r::a:'^^^^^^ . 

intersection, the end of the lattice i • 

J-attace lane is pulled back 
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from the centerline of the wall by 50% of the lattice 
wall thickness. Since the lattice walls and exterior 
single walls are of the same construction, the result is 
a 50% merging of material at each intersection. When 
5 building with multiple thickness exterior walls, the 
• lattices interact only with the inner most wall. 
Therefore, latticing will effect the outside finish of 
a single thickness exterior wall miore than a multi- 
thickness exterior wall which masks the lattice effect 
10 on exterior finish. 

Milling Every Laver To Improve Surface Qualii^y 
The serpentine pattern described above, is a result 
of the formation of the walls of the model by deposition 
of beads of molten MC. Fig. 14 diagrammatically 
15 illustrates a single layer wall formed of a plurality of 
layers of beads of MC. When a bead of molten MC lands 
on a previously deposited bead, a small portion of the 
molten MC in the newly deposited bead flows onto the 
previously deposited bead, melding the two beads 
20 together. The surface tension in the molten MC that 
flows onto the previously deposited bead, creates a 
smoothly curved meniscus like formation, which appears 
as a small dimple 50 in the outer surface of the model. 
Since the beads of modeling material are relatively 
25 small, i.e. typically in the range of about 0.12 mm in 
diameter, the dimples are small and shallow enough that 
the surface quality is satisfactory for most purposes 
without any subsecpaent finishing steps. 

If a smoother surface quality is desired than is 
30 formed in the above described manner, the surface 
quality of the walls can be improved by milling each 
layer of beads (cut lines 52'), before depositing the 
next layer, as illustrated in Fig. 15 . Fig. 14 
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illustrates the standard method in which at . 
-tervals, the last deposited layer Is " TT' 
-Chining line 52. . in order to controi .r 
When a layer is milled, the tops of k""' 
5 layer are removed, for examnle h 

Of the height of the heads ' """'"^ ^"""^ 

-ads in a layer Provira%idr;irfor f"" " 
layer of heads, to land on. As a res^ " T ? ^^^^ 
formed between the newly deposited ^ . 
10 previously deposited and milled be... 

dingles 50- are smaller and shalloJer 1. ' 
" a s»„,„ surface finish is fc^"' t ™ 

"9n-"c„tly increases the build tile 

As discussed above machvnTnl ^ ™ 
" layers of the ^deX duri^dl" " '^'"^ " '^^ 
Uxer ,ro.th and in^ro^e^ u f7".h" 
«»chining layers ct the model durino ' 
the cutter f onns burrs 54 on th. """"^S' 
"O^a.. as iUustrated i P VeT"' 
« during ,«chining decrease the surface 1 , ""^ 
-er surface defining »alU of Th?:Lr Sortie? 
the stresses created in the wall r,, ■ "oreover, 
aX.o cause the outer sl-n, ot u^T T^"/ ""^ 
-terial, to split awey frc the .aU ^ "Ts.,T 

r::::r " °' -Have 

flaking, pealing or frayed portions that haX Z 
laminated from the surface of the model. 
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In order to substantially eliminate burr formation 
and de-lamination of the outer surface defining walls of 
the model during mill cutting, an additional support 
wall 56 of support material, which is removed after 
5 completion of the model, may be deposited around the 
outline of the model as illustrated in Pig, 17. The 
outer support wall serves to support the outer surface 
defining walls of the model during machining, such that 
they do not de- laminate and split under the stress 
10 during machining. Moreover, the burrs 54' formed by the 
mill cutter are substantially only forroed on the outer 
surface of the support wall 56, rather than on the outer 
surface of the model. Thus, when the support wall 56 is 
removed, burrs 54' are removed along with the support 
15 wall 56, as illustrated in Fig. 18. The result is a 
greatly improved surface quality of the outer surface 
defining walls of the model. 

When support walls 56 as discussed above are used 
in building a model, the. outlining surface defining 
20 walls of the model are first deposited, the interior 
space of the model is then filled by the desired fill 
method, which fill methods are discussed in detail 
above. The additional outlining support wall is only 
formed after shrinkage of the fill material, such that 
25 the support wall adheres to the outer surface defining 
walls of the model to support the outer surface defining 
of the wall during machining. 
Comer Structure 

A technique for forming outside and inside comers 
30 of the model's perimeter is very similar to the merging 
of material mentioned earlier when discussing the 
lattice walls intersecting with exterior walls. When 
turning comers with the jet, the MC material tends to 
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accunmlate at the comer. This accumulation is du. • 
part to the fact that the notarial flow /s be " 
disrupted and the new adjacent wall allows the . . ' 
tension of the fluid to pull some of ^''^ 
S both wans into the comer. Air lel l"''''^' °' 
the intersection Of two walls and mc t J " 
the centerline of each wall there " ! °" 
overlap between the two walls a'! 

deposited at the intersection .H " 
10 Without correction thi^ h • 

-Id the comr "p irrrr :t ^"-^"^ 

along a straight wall. ^ ^^^^^^ rate than 

This phenomenon can be compensated for by eith.r 
stopping the end of the first wall a full w^i 
15 away from the adjacent wall or pullinc Jm! 

2S percent of the wall thic^esf r^eittr^!''^ 
MC material flows into the space reducinaT ' 
material in ^>,« „ reducing the amount of 

Layer r^tlTlTTn 

As droplets are laid down on too of t-ho • 
layer, there is s ^^^'i . ^ previous 

.eld. the^:^:;^-rr^ lar 

25 extends into the previous layer for oni? " 
percentage of the layer thiOcness but Is suffix 7" 
accomplish several major things. ^""-'^-ent to 

First, reflow enhances the bond between rhp n 
layer and the previous layer m^JT 

30 assures an int^ar-^i ^"^er-layer cohesion 

second T ""^^^^ ""i-^ed. 

Second, reflow relieves some of the 

previous cause. .^^Z ' Z^"""^ 
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goes through. When a layer solidifies it does so from 
the bottom up, since the previous layer was already 
relatively cold. Because the top of the layer is not 
constrained and the bottom is, non-uniform shrinkage 
5 occurs, this difference in shrinkage causes stress in 
the layer. When the new layer is applied, the reflow 
zone tends to relax much of the stress. By giving up 
the majority of its heat directly into the previous 
layer a degree of annealing is achieved. This mini- 
10 annealing process is repeated layer after layer. 

Third, exterior part finish is in5)roved by the 
reflow phenomenon. The minor melting of the 
cohesion/ref low zone also promotes a blending of layers 
at their union. This improves finish by virtue of 
15 reducing the depth of the junction at the merging of the 
droplet radii of the previous layer with the current 
layer in a fillet fashion. 

Up to four layers seem, in tests, to be noticeably 
iTr5)roved, as to surface finish and mechanical strength 
20 of the walls, by the ref lowing of the cohesion zone with 
the previous layers. 
Anng^lipq 

If, after all these steps have been carried out, 
there is still stress and warpage that needs to be 

25 removed, one option left is annealing. Generally, 
annealing is a last resort. Provided the part has 
remained securely mounted to the mounting plate, 
annealing is generally not required • However, when 
annealing is required one of following procedures should 

30 be followed. 

A decision must be made as to whether the annealing 
should be done before the part is removed from the 
mounting plate or after. This decision is based on the 



10 



15 



20 



WO 97/17664 • 

PCT/US96/17044 

-36- 

geometry of the part and the ability of ^h. 
its own weight when heated. '° withstand 

After the decision that annealina 

par. .u. „ wU^ouc c.e ^rirp^ T 

•n oven that .as be.„ heated to eo degrees «1. " 
process re<^ires very close monitoring 7,1 L ^" 
be held very uniformly at an even t.™„ 

air Circulating oven is recoleLT "^^roughout . ^ 

3 wvcii is recoTTimended, when ^>,^ 
returns to the set tenferature of so 7 te,^«ature 
e^cposed to the heat for a period of t^I r" ^" " 
^hictoess. ,he heavier and thiler th. °" 
"in take to anneal. Generallv . ^ 
takes .0 minutes minimum "^"^^.ss Tj' ""^ 
10 minutes extra for each l TT '""^ 

prescribed time has Ta/seT ^'^h^ ^T" ' 
con^letely annealed, the oven is turned " 
cool on its o™ uninterrupted- w"e" the o " 
r«=he. 30 degrees Celsius the part "^-rature 
However, the cool down rate should not exceed /to", h"""'*' 
P«r minute. If it does, there is a risrtf 

a risjc of reintroduced 



stress. 
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the mrallTI'ralwa To sTr"" 

^th ,e.g. Of BXO.CT. V :, rhirn'"'.'''. " 

Olstillate manufactured by PETOCeT r 

temperature is raised atTslTratrV " " 
s 70-C) Where it soaks for - is Z "" 'o 
remain cool to prevent ..paTatiora:: rs^, T ~" 
a cold „ater or ice hath placed on to^: ^e hasT"''' ^ 

3n unusual situation, there mav h. 
specialised fixturing. „,en this IsTallt f' 
SUidelines as outlined above are used ^I j;' '''' 
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exception is that the fixture must be at room 
temperature when the part is mounted and more time must 
be allocated for the heat up and the cool down cycles. 
Thermal probes are also recommended for the fixture. 
5 Contour Molding Technicfue 

An alternative method for computer- controlled 
manufacture of 3-D objects with the present model maker 
is illustrated in Fig. 19. This method involves 
dispensing a low melting point support material 64, 

10 hereafter referred to as LMP, onto a platform at 
predetermined locations, which hardens to form a layer 
of a supporting contour mold 63 surrounding and defining 
the outline of the desired model pattern layer. A high 
melting point build material 62, hereafter HMP, is then 

15 dispensed, by jetting, spraying, continuous stream, 
etc., to fill the contour mold and complete the pattern 
layer. The uppermost surface of each completed layer is 
then milled, thus removing a portion of LMP and any 
stray HMP to expose the underlying LMP for deposition of 

20 the next LMP contour mold layer. These steps are 
repeated until the desired 3-D model 6, surrounded by a 
supporting contour mold 63, is con^leted. At this 
point, the model is heated in air or a solution that 
will not melt or dissolve the HMP 62, but will melt or 

25 dissolve the contour mold 63 formed of LMP 64, leaving 
the 3-D model intact.. The melting process is combined 
with a stress relief anneal that minimizes model 
distortion. 

The support structure 68 may be formed of HMP 62 
30 that is the same material as the HMP build material used 
to form the model 66, as illustrated in Figs. 20 and 21, 
such that shrinkage stresses are more controllable and 
differential expansion problems during model cooling, 
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etc, will be minimized, when „ 

is formed of hmp 62 th. . structure 68 

Some model 'clean up may be reouir.rt ► 
support sections. Particularly interior s 't 
«>odel. Moreover, contour Web tec^?™ ' '"^ 

software til. ico...ead to ^nil^ t^" ""^ " 
» ^ aeter^n. tH.ir locatL To % fi ™ " 
section removal. «.itipie ottsetH 
determined by software look ahead. 

Only one outline or layer of t«d ■ 
form t.e contour mold, as illustated^i^T'"' " 
provided the surface of the desired 3 0 1 • 
contiguous profile during 2-axi. t Z " * 

outlines could be provirt J ""l"Pls 
Checks the ne" uZ^JTZl^: T"^" 
thicker layers deposited to ji kly : ^ 

Alternative vector spr« t^c^ 
further detail below. 4 L Ld tr 
building material «h.„ / depositing the HMP 

««P. Li'kew I L^ss .Itr? ™ """"" °' 

-^uikfiii.r:--r— 

-tinroiTtTLhrXsm^rrX 

^^v^t:-;:;rra~-=- 

'O-C and the may ^t^r °' "° " 

".her. contour L^^tir " "'^ " 

applying a first pass 11=„^ ■"nimii.d by 

contour outline to ^^11^^10^?^' ^ 
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Contour Molding With U.V Curable Material 
Contour molding using a U.V. curable material is 
essentially the same as the method discussed above, 
except for a U.V. curable build material is used to form 
5 the desired S-D object (as illustrated in Pig. 19), and 
if desired, to form the support structure (as 
illustrated in Figs. 20 and 21). By using a U,V. 
curable material, such as a U.V. curable plastic, 
superior engineering materials having superior hardness, 
10 higher melting points and better cutting characteristics 
are available. A build material that has the hardness 
and durability of the desired final product may also be 
used. This eliminates the time spent on forming a wax 
model first, that is then used to form a final prototype 
15 object of a material with the desired hardness or other 
desired property. 

If the support material is a sulfonamide, due to 
its higher temperature and superior cutting 
characteristics, as compared to wax, each layer may be 
20 milled at high speed (2-4 inches/second) immediately 
after quick U.V curing of each conpleted layer. No wait 
time is required for cooling after deposition of 
material. The support material may alternatively be a 
water soluble wax, thus allowing removal of the support 
25 material with a citrus water solution. A catalytically 
cured or a thermosetting build material may be used 
instead of a U.V cured material. 

Using a U.V. cured, catalytically cured, or 
thermosetting material provides for a greater selection 
30 of engineering materials with varying degrees of 
hardness and strength than are available when depositing 
drops of molten material. A high speed '^Lee type" high 
frequency (-2,000 hz.) valve may be used in place of the 
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piezo actuated iet TH-fc 

continuous quick till Of interim, " 
th. v.lve is cpenea to deposit , °' ^ 

S - ^ate^ial „ t.e lo^rilr^ '""^ =^ 

»-r.rr:\;L"tLt7os^r:r"»^ — 

«n be Clear or colored with tr,„ 

using .our 3et heads for PC '^^^ ''^ 

" Clear, red, .«genta and cy^ f or ^tractive colors, 

desired color and shadl'^; «y 
proper combination of JeT heads ''""^ 
technology, many differentlv o,,, """S Che above 

he provided in a single "Zll 
" Zn this n^er a transpa^nt .T^^T ^""'"^ 
Which interior 3-0 forLtions e T the^nt 
engine or of a biolooicai „^ -S- the anterior of an 
Observed fro„ any'r;,, Z\T' 

The pattern layers rmn^ 
" the Slices produced by e cat sea?"*''' "^"""^ 
<:>.e Slices the same as those ore/ ^ °' 
MRI. a transparent 3-0 rT ° ^" « 

scan or mi sees can i °' 
, useful for Tdical o/'td 

« «-apolatingth,d,ta::twet :he"s"J- 

cat scan or »!, thinner slice" ca^ tt"" a 

""del layer patterns than "^^'^ " """" ">e 

^ f teems than are produced by a Cat s,.., 
™l, and the finished an, "7 a cat Scan or 

l-nproved. "presentation can be 

' soiid^Li™ nrh:io"°"" ^ ' "^'^^ 

turned and studied fr^XXre^anr: 
ot purposes, such as pre-onerat ■ T ' """"^^ 

pre operative planning, models for 
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study, etc. A transparent 3-D biological model of a 
brain tumor, for example, would greatly facilitate the 
removal of such a tumor from the brain without damaging 
critical areas of the brain. Fig. 22 diagrammatically 
5 illustrates a cross -sectional slice 80 of such a 
transparent 3-D model containing a cancerous tumor 82 
and surrounding arteries 84, bone 86 and nerves 88. 

In order to get clearer boundaries between 
different boundaries of the multiple patterns, it is 
10 preferable to make peripheral vector boundaries, as 
previously disclosed in relation to building exterior 
surface defining walls. To assist in getting crisper 
boundaries, it may be helpful to form the peripheral 
boundaries with material at an elevated temperature. In 
15 this manner, as the material cools on contact with the 
model, the viscosity increases and holds the pattern 
until the U.V. or Catalytic cure. After the cure, the 
layers may be milled to the proper thickness as desired 
or necessary to control layer growth as previously 
20 described. 

An apparatus and method for building a model by 
emitting an elongate' bead forming a constant stream of 
a molten MC, rather than emitting bead producing drops 

25 on demand, is diagrammatically illustrated in Figs. 22- 
25. In this method the stream of molten MC emitted from 
the jet head is controlled to supply a substantially 
constant volume V of MC as a function of displacement of 
the jet head. In other words, the volume Q of MC 

30 emitted from the jet head is maintained at a constant 
proportion (Q/V) to the velocity V of the jet head. In 
this manner, an elongate continuous bead of MC with a 
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substantially constant cross section i= 

ti>e support surface or previouslv dl ■ """'^ 

A 3.t .ea. and supp"; ' '^7" 
substantially continuou^ ZT '^'''"^ ' 

5 diagra^natically illustrated iTZ ° 
Illustrated syst™, a heated suDDlv r 
supplying ^iten „c, is provLd'! [^TaT"'' 
pressurize the reservoir , " P""* " " 

" pressure in the supply reservoir fcrlel ' 

through the supply ii„. 5, ;f ° ""Iten MC 

continuous stream of ^t.rial L /lecV " ' 
valve 96 is provided in or dust u„T ''«"°-«>«hanical 
for controlling th. rat. o, °' "^^-i 

" ^eaa to provi/e?v:ruror„rtr :r 

"Sisplacement of th. jet head " 

. conSirstir:: : t ^ — 

•mltted from th. j.t in 1 « ^s 

=0 conpared to the pr^tlouL d''T °' « 

en.it discrete drc^s "f^"'^ ^^''^'^ e^odi^nts that 

«c advantag.^^si/jTus.rtrjrrrmi""'"."' 
«c .y bi =ont:!irr:%rct7rf°' 

t^e set head, such that a sZZL 'T"'"'^' " 
Of HC is deposits per unit of , 

an elongate'bead o „ h ti rr'' 
constant cross section as 6iJ ' substantially 

' in fiss. 21 and J2 ^v k f ^^'""^"""y illustrated 
3 may be deposited for 

surface defining walls of a Todel via 4ctor 
« a faster build rat. th.„ Plotting, 
P-iously disclosed drop .TTJ:, 
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When depositing a constant stream of modeling 
material, the resulting elongate bead 100 of molten MC 
will have two freeze fronts at which the molten MC 
forming the bead cools and changes phase into a solid, 
5 as illustrated in Figs. 23 and 24. In particular, the 
elongate bead of MC has one freeze front 104 in the 
direction of motion and one freeze front 106 
perpendicular to the direction of motion. Therefore, it 
is preferable that a relatively narrow stream 102 of 
10 molten MC be emitted from the jet head. 

A relatively narrow stream provides for a more 
stable and therefore a more constant volume of MC. 
Thus, a narrow stream provides for a more stable and 
accurate placement of the stream when vector plotting. 
15 The velocity of the stream, however, is limited by the 
Weber number W of the molten MC. Therefore, the 
narrower the stream of MC, the longer the build time. 
The maximum stream velocity can be determined by the 
ratio w/0, where W is the MC's Weber number and 0 is the 
20 diameter of the stream emitted from the jet head. The 
weber number is preferably less than 80, i.e W s 80. 
Since the MC is forced under pressure from the jet head, 
the stream of MC expands as it exits the jet head. As 
a result the resulting stream has a outer diameter that 
25 is greater than the internal diameter of the orifice of 
the jet head. 

The system illustrated in Fig. 23 has a combined 
function jet head that can operate in both a drop on 
demand mode and a continuous stream mode. The combined 
30 function jet head 60 has a standard piezo-actuated drop 
on demand jet head 98 for operating the combined 
function jet head in the drop on demand mode, and an 
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electro-mechanical valve 96 fn^ « 

in the conunuou. streak Z.I ^" "'"^ 

In a preferred method, the iet h.=rt ■ 
a 'ine control drop on den^nd ^d^ or IT^"" " 
5 surface defining walls of . / lonning outer 

surface fini.h via victor 'tt "'^"^ ' ''""^ 

. disclosed above. 1^ the d " " « 

electro-mechanical valve « i? °° ""^^ ^''e 
,„ ""-^"i- " =na the air pu„p Tl'."^ '"^'"'^ 
10 atmosphere, so that atmospheriTcondit '° 

^PPly reservoir 90 in ""ditions exist in the 

-PpUed to the jet head T^l^h " 
interior portions of the- mod.l ^^'^"^ 
relatively guicklv flll.rt v subsequently 

" ^.e constant'^.trerm mode 7n rhHr^ ^" ""^ ^" 
the electro-mechanical valve „ is 

reservoir ,0 is sealed and or. ""^'^ 
« to the desired internal p'J s^r^o'' ^ 
internal pressure is achieved th. , ° 
" valva u is opened under octroi /o;""""'^"''" 
from the let head Th. emission of mc 

«C frt. he Tet herd ifr""^ " « « 

electro-mechanical valt: T ^ 
"Xling, the electro-mechanical vaWe" /iTf"" °' 
S the supply reservoir 5o is aoal^ 

atmosphere for operation of the det he./""' " 
demand «,de. ^eses steps are " """^ °" 

'"Trr- - -"-"^Ve'tt " 

' ="-attveTt"oont?oll"d" " ^^"^^ ^ ^ 

pressure in the s^pp"; res^^i ' ,h'' ^'^"""^ 
need for an electro 'me' h"ic«val» '''"^""-^ 
head. However, it . °" . "™ « in the jet 

" " Preterahl. to maintain the 
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pressure in the supply reservoir constant and control 
the rate of emission of MC from the jet head with a 
electro-mechanical valve. Likewise, it is appreciated 
that two jet heads, a drop on demand jet head and a 
5 continuous stream jet head, may be employed in place of 
the previously disclosed combined jet head. 
Vggtor gpray Mpc??; BvU<?iT^g 

Rather than emitting a constant stream, the jet 
head may be configured to emit the MC in a spray. 
10 Vector spraying minimizes mechanical complexity and 
reduces amount of material needed for support 
structures. "'Atomized" spraying of build material 
should reduce bulk shrinkage of model . When spraying, 
it is possible to make models at less than 100 percent 
15 density, due to temperature control as microsphere 
droplets coalesce thereby further reducing stress, which 
is good for investment castings. 

Spray application (atomizer) allows control of very 
thin layers, therefore the contour could remain the same 
20 for high resolution layers with minimal material waste. 
Multiple contour walls and multiple passes of sprays can 
be used to reduce stress and increase build speed in 
"^concept" models or extrusion sections. 

Airborne particulates may need to be filtered or 
25 electrostatically precipitated from the model forming 
chamber. If an air brush is used as the spray 
applicator, than a compressor /ballast tank/regulator 
system is required to control the amount of material 
that is sprayed from the jet head. 
30 Parallel Building of a Plurality of Models 

In order to. simultaneously build a plurality of 
models in parallel, two or more sets of jet heads can be 
mounted on the Y-coordinate rails 5. Fig. 26 
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«t Of ,ets „y be used to a LTY' ' 

that occupies the entire Wild "rf ace L t "" ""''' 
a Plurality of narrow models t^t """""'^l'' 

that only occupy a 



wo 97/17664 PCT/US96/17044 

-47- 

specific area of the build table, may be built with a 
plurality of sets of jet heads. 

The support table may be divided into areas in the 
X-coordinate direction as well as the Y-coordinate 
5 direction by mounting two or more sets of heads on two 
or more carriages 80 and 82 mounted on the Y- coordinate 
rail 5. Carriages 80 and 82 are likewise interlinked by 
rigid linkages for parallel movement along the Y- 
coordinate rail 5. Fig. 27 illustrates an embodiment in 

10 which two carriages are mounted on the Y- coordinate 
rails 5 for parallel movement, each carriage contains 
two sets of jet heads. With this construction, the 
support table is divided into quadrants A through D for 
building 4 models simultaneously by moving all four sets 

15 of jets in parallel over the support table. It can be 
appreciated that, as in the above embodiment, two or 
more carriages may be mounted along the Y- coordinate 
rails and more than two sets of jets may be mounted on 
each carriage. An optional third carriage and a third 

20 set of jets on each carriage are illustrated in ghost 
Fig. 27. 

Any desired matrix, such as a two-by-two, three-by- 
two, three -by- three/ as illustrated in ghost Fig. 27, 
etc., may be provided. If desired, the jet heads may be 

25 staggered from one row to the next, in order to 
efficiently use the available space on the build table. 
For exaTi5>le, a matrix in which the sets of jet heads in 
alternate, even numbered rows are staggered halfway 
between the sets of jet heads in alternate odd numbered 

30 rows. Rows of sets of jet heads numbering three-two- 
three, for example, may be employed, in which the two 
sets of jet heads in the middle row are staggered 
halfway between the outer rows. In this manner, it is 
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feasible to provide a much 
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The structure illustrated in Pics 5*; . 
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one of the jet heads. In this manner, even if one of 
sets of jet heads fails, there will still be a 
sufficient number of models produced by sets of jet 
heads that have not failed to fill an order. 
5 Conglusion 

It can be appreciated that the various methods of 
model building described above are not exclusionary of 
each other. The different methods may be combined or 
used together to produce the desired result. For 

10 example, a plurality of models may be built in parallel 
using via contour molding, using continuous stream or 
drop on demand wax building methods, with any of the 
disclosed lattice structures being used to form interior 
and/or support structures. Portions of the model may be 

15 formed by spraying, while other portions are formed by 
dropping beads of material on demand. The possible 
combinations, and modifications are too numerous to list 
herein . 
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" « produce vectors, ae^ineV^y °' 

the beads, i„ any "^^"^ Pluralities 

produce, ^ vector pLtti., at a« I'd " 
surface defining w.u said layer 

surface defining walls of said t '"^ """"^ 

previously deposited beads to a d.,, " 
~" "ith previously deposited beads^o TT " 
vectors, thereby forming said desfred 
'° a desired surfa^linr^ 

arcp production^":: 'l^a't""" °' - 
^°Uo»ing f on^tion of said layer in"' "'"^ "^'P"^"™ 
, '°™a"on Of a subsequent sairr.^^r.^"""- 
e) repeating steps a) hi 
required to complete the model. ' " 

2- The method according to = - 
conprising the step of machining a, se.r. '""'^^ 
the last deposited layer to a un!'f -"Nervals. 
Plane defined by the live " w '"^'"^"^^ « 
-xt layer of the model ' '^'^^'''^^ ^ 

• 3 . The method according to clain, -> * 
comprising the step of machining each 

"ing each deposited layer 
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along said plane before deposition of a said next layer 
of the model, thereby to form said desired outer surface 
defining wall with a desired surface finish. 

4. The method according to claim 3, wherein the 
5 step of machining con^jrises removing at least about 25% 

of the thickness of each layer. 

5. The method according to claim 2, wherein the 
step of machining comprises milling a coarse cut that 
removes a top of the last deposited layer substantially 

10 to the plane during a first pass and milling a fine 
climb cut that removes the remainder of the deposited 
layer down to the plane during a return pass. 

6. The method according to claim 5, wherein the 
step of milling a coarse cut comprises removing a layer 

15 of material sufficiently thick that a layer less than 
approximately 0.01 mm thick is removed during the fine 
climb cut. 

7. The method according to claim 2, further 
comprising the steps of: 

20 depositing a wall of support material 

contiguous with the outer surface of at least said 
desired outer surface defining wall after shrinkage of 
the deposited modeling material, but before machining, 
to support the outer surface defining wall during 

25 machining, thereby to substantially prevent delamina- 
tion, fraying, and chipping of said desired outer 
surface defining wall during machining and form said 
desired outer surface defining wall with a desired 
surface finish; and 

30 subsequently removing the support material. 

e. The method according to claim 1, further 
conprising the steps of: 



W097/17664 

PCT/US9«/17044 

-52- 

when an inter-layer buiirf , , 
surface defining wall is less ' ' °' 
critical angle from vertical- , . ^ P^^'^^termined 
surface defining wall bv ^' ^'''^^9 the outer 

5 contiguous layers of ^^^^"5 least two 

P-uce said .esirerour Vr 3 ^ ^ - 

^i) filling interior spaces of th ! ^'"^ 
a Single layer of support " teriai '^'^^'''^^ 
are substantially twice asT! ^hat 
" drops Of modeling material, Zl^^: '^^^ ^^^^^^^ 
re<^i.ed to fill said interior sptel """^ 

9- The method accordino to 
comprising the steps of at U 
build angle exceeds the crLLrr 
" depositing a T "^"^^^^^ 

contiguous wfth, s "d o te surTceT"''" " 
formation of each laye^ Z ""^"^ "^^^ ^"^^^9 

surface defining wall In I '^^'^ °^ ^^^^ 

- critical ZTT ^° ^^^^"^ ^' —in the 

vertical. ' «grees from 

11- The method accordino tn 
comprising the step of depositin a a t 1 '""''^ 
molten modeling material an!, a 
« -"rial to PrLuce irtlr :ns "tl ^ ^"^^ 
^) support cantilever portions and " 
portions Of the model iurinT \ overhanging 
= nil structure in interior "'"^'"^ 
'^e method acco^TngToTl 
0 step of depositing molten tTterla r 

walls conprises. Producing a^ i' of'"'."" 
-aus oriented and .oined^it^r 



wo 97/17664 



PCTAJS96/17044 



-53- 

defining wall(s) to provide desired reinforcement of 
hollow models. 

13. The method according to claim 11, wherein the 
step of depositing molten, material to produce lattice 

5 walls comprises producing a plurality of bi-directional 
walls oriented and joined with the outer surface 
defining wall(s) to provide desired reinforcement of 
hollow models , 

14. The method according to claim 11, wherein the 
10 step of depositing molten material to produce lattice 

walls comprises producing an interconnecting inner wall 
structure, that is intimately connected. to an outer wall 
structure formed during the formation of the same layer 
to provide desired reinforcement of hollow models. 
15 15. The method according 14, con5)rising the steps 

of: 

a) forming the outer wall structure of the 

model ; 

b) filling interior spaces in the model by 
20 forming the interconnecting inner wall structure, 

leaving a gap between the interconnecting wall structure 
and the outer wall structure; and 

c) after shrinkage of the interconnecting 
inner wall structure, closing the gap to join the 

25 interconnecting wall structure with the outer wall 
structure. 

16. The method according to claim 15, wherein the 
gap has a width approximately equal to one half of the 
width of the outer wall structure. 
30 17. The method according to claim 1, further 

comprising the step of depositing a plurality of 
differently colored and transparent build materials in 
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each layer to produce a transparent 3 n . 
interior 3-D fonnations can be seen 

18- The method accordina to = - 

, ""^.1 is a Mdogical „^ ' " """"" ^'■e 

19- The method accordino ^o ^i • 

a Plurality of differently colored h"" "'^"^'^^"^ 
•^terials in each layer to f ^"nsparent build 
each layer accurately represenr ^ ^"^ """^^^ ^^^^^^ 
produced by a medical imacrincr ^ =°«esponding slice 
^0 accurate at least part "i^ '° - 
model. partially transparent biological 

20. The method accordino to m « • 
'^^e step Of interpolating dat! be. 

the imaging machine L/l ^^"^^ Produced 

-del that are'thi^^er thT^ '^'^'^ 

imaging machine, thereby to el '^^^ 
the model. ^ ^'^^"^^ '^^e resolution of 

" bounaa^ .e^in.„, face's oTtTe 

build «at.rials by vector ^7! ^"""""y colore.! 
^o^tio„of«.uJ,,„7„7,;^;^^;"-«. " 
colored build mterials. 

22. The method accorrf-in^ ^ 
« ==nprisl„9 the atep ot deposftZ .° " 

a. leaat „.en fo^in/^^r^^f,"' -"rial, 
layers, at an elevated te nperat^re "^"""^ 
■"teri.1 cools upon contaT 

-del mi ^te'riai ; :l : ::r ^-^^^ " 

or fill TOtarial. ' " ""stant stream 
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24. The method according to claim 1, further 
comprising the step of simultaneously producing 
pluralities of bead producing drops of modeling 
material, to simultaneously build a corresponding 

5 plurality of substantially identical models. 

25. A method according to claim 1, further 
comprising the step of controlling rate of production of 
the plurality of beads, at least when forming said 
desired outer surface defining wall of the model, in 

10 response to vector plotting speed, acceleration and 
direction to provide a constant vector bead pitch 
regardless of speed, acceleration, angle or curvature of 
said vector, thereby to provide said outer surface 
defining wall of modeling material with a substantially 

15 constant width and with sides having a desired surface 
quality regardless of speed, acceleration, direction or 
curvature of said vector. 

26. The method according to claim 1, comprises the 
steps of forming outer surface defining wall(s) having 

20 a desired surface finish using vector plotting, only in 
portions of the model where said desired surface finish 
is required; and 

depositing molten modeling material using 
raster scanning to produce a lattice model structure to 

25 be deposited layer upon layer to quickly produce a near 
net shape model, leaving the lattice model structure 
exposed, except where closed off by said outer surface 
defining wall(s) . 

27. The method according to claim 26, further 
30 corr^jrising the step of depositing support material to 

form a lattice support structure having an identical 
lattice as the lattice model structure, to support 
overhanging portions of the lattice model structure. 
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28. The method accordino to 
comprising the step of sealina .l ^""^^^ 

structure by one of 11^'^ '"^^'^^ ^^^^-e model 
coating a sealing material ^^^^^"^ 
5 model structure to one of seal . ^ '"'^^'^^ 
spaces in the exposed lattice stZ 

near net shape model. "^cture, to produce a 

29. The method according to n^.- 
comprising the step of using the near ner^ '""'^^ 
^0 f onn a near net shape mold for castina ''^ ^° 

article. casting a near net shape 

30. The method accorri-ir,« 

forming the near net castTno =°-P-»-g 
near net shape article ' ' " ««-g a 

31. A method of producina ^ ^ 

the steps of .- ^ ^ "'^'^el comprising 

a) supporting the i t> 
production; 3-D model during 

"iU, a previously aeposited , ."""""^ -t.rial to ^la 
vectors of ^od.llf::,";'.! " 

P^otti„3, .t least ..en foi^ « I'stT:' 

surface de«„l„g J ^ ^es.red cter 

outer surface defining wall „it* " 

finish. "™ = desired surface 

32. The method according to claim , v 
3-D model 1. a continuous mold and 
surface defines a portion of th 
<:->«prisi„3 the steps of "» 

b-ild mate'rlal "o prl« aT""' ^^-^ ""h , 

P oawe a layer of a molded model. 
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vith at least a desired outer surface defining wall of 
the model, molded by said inner surface defining wall, 
having a desired surface finish; 

g) adjusting the distance of the location of 
5 drop production to the location of drop deposition 

following formation of said layers in preparation for 
formation of a subsequent said layer; 

h) repeating steps a), b) , c) , d) , e) , f) 
and g) as required to complete the contour mold and the 

10 molded model ; and 

i) removing the contour mold. 

33. A method according to claim 32, further 
comprising the step of machining each completed layer to 
remove any build material accidentally deposited on the 

15 contour mold to expose the contour mold before 
deposition of the next layer of the contour mold. 

34. The method according to claim 32, conprising 
the steps of: 

depositing a relatively low melting point, 
20 LMP, modeling material to form the contour mold and a 
relatively high melting point, HMP, build material, as 
coTT5)ared to the LMP, to fill the contour mold; 

machining each layer after that layer has 
cooled; and 

25 removing the contour mold upon completion of 

the model by one of melting and dissolving the contour 
mold. 

35. The method according to claim 34, wherein the 
LMP has a melting point from about 60*^ to about 70 °C and 

30 the HMP has a melting point of at least about 80 °C. 

36. The method according to claim 34, further 
comprising the step of depositing HMP to form a support 
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«-«u.e 3„ppo„ ove.. ^^^^^^^^ 

37. The method according to claim ,r 
comprising the step of r^.r. ^"^»^^er 
^ separate sections V ,1^'"^''' ^^"^ to 
facilitate removal of the s ' ''"^"^"^ 
completion of the model. ^'^""^^ "Pon 

38. The method according to claim 

the steps of: "-o ciaxm 33, comprising 
10 ^ . . 

aepositmg one of 

catalytically curable anrt ^>, * durable, 

" till the LcouTLt ''"'""■""-^ «terial 

causing each layer , ■ ^ . 

Mchinins, «nd J- r to solidify before 

removing the contour mold 
->d dissolving the modeling Jte".i ' " 

ccn.rLlg'T^eTtror""^''^ " 

» transparent J.n monir " 
'creations he seen " ""^^ ^"""^ ^-D 

«■ "Wthod according to claim 35 h 

the Plurality o, differently colored ".^ '"""'""^ 
build materials to fo... transparent 
"curately represent J ' P^-'r.lity lay.rs that 

-Ucal llgrngrchine~;"r""' ' 
P^rtially transparent .i^Z ^er^ " 

the i-.i.g 'machi :^'%tr;r""^ 
Mological model that ar. ^ ^" 

are thinner than the slice. 



wo 97/17664 



-59- 



PCT/US96/17044 



produced by the imaging machine, thereby to enhance the 
resolution of the biological model . 

42. The method according to claim 37, further 
comprising the step of forming at least the outer 

5 boundary defining layers of the differently colored 
build materials by vector plotting, to facilitate 
formation of distinct boundaries between the differently 
colored build materials. 

43. The method according to claim 42, further 
10 comprising the step of depositing the build material, at 

least when forming the outer boundary defining layers, 
at an elevated temperature, such that the build material 
cool upon contact with the model to hold the desired 
pattern until solidification of each layer. 

15 44. A method according to claim 32, further 

comprising the step of controlling rate of production of 
the plurality of beads of modeling material, at least 
when forming said desired inner surface defining wall of 
the contour mold, in response to vector plotting speed, 

20 acceleration and direction to provide a constant vector 
bead pitch regardless of speed, acceleration, angle or 
curvature of said vector and thereby provide said 
desired portion of said inner surface defining wall of 
the contour mold with a substantially constant width and 

25 sides with a desired surface quality regardless of 
speed, acceleration, direction or curvature of said 
vector. 

45. The method according to claim 32, comprising 
the steps of depositing the modeling material, at least 
30 when forming said inner surface defining wall of the 
contour mold by vector plotting and filling the contour 
mold with build material by raster scanning. 
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46. The method according to claim 3, 
the step Of fining the contour ^old tuh b 11^"^^'''"^ 

S ^e.entiauVr^:re;~^ 

vectors of .odeiin/ n^t^riarone Tave ^'^"^"^ 
comprising: - one layer at a time 

a) a support means defining = 

"■aterlal or,e drop at a tin» ""'^eUng 
previously dapo.Ued 4ads thT '"^ '° ""^ ^'>' 

r. z a.i. coordinate syseen, reUt "e to 7 7' °' " 
to «ve the jet means along any desirll '"'"'^ 
«hlle said jet neans plots said " 
" material on said surf ace and ii^, " °' "^''"^ 

When desired, aloVglr: Tr.' 1 T ^" 
°' relative to said surfacerand " 

O' control, means ii f„ _ 
Plotting control ot movement of I '"^'^''^^"S vector 
« -e the jet means simuur^us" TST"" "^"^ " 
Of the X, V, z axis coordinate s2 " 
controlling the timing ot the eWtV . ' 
^cps Of molten ^odeUng rt/r^ ^ 
overlap previously deposited h..H ^ '° 

" end to meld with Previrsirdepolfter; d"'^'' 
vectors of modeling material def "d H K'° 
«y and all directions ^^'^ned by the beads, in 

-xer ^ vectrArinrarieHtTr: 

least a desired outer 
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surface defining wall of the model with a desired 
surface quality. 

48. A model maker according to claim 47, wherein 
said jet means also comprises a continuous stream jet 

5 means, for ejecting an elongate bead producing 
continuous stream of molten modeling material to meld 
with previously deposited elongate beads, thereby to 
plot vectors of modeling material defining the layers, 
such that said jet means is a combined drop on demand 
10 and continuous stream jet means, for selectively 
emitting one of i) discrete bead producing drops and ii) 
an elongate bead producing continuous stream of molten 
modeling material , as desired . 

49 . A 3-D model maker for producing a 3-D model by 
15 sequentially forming layer upon layer, by plotting 

vectors of modeling material, one layer at a time 
comprising: 

a) a support means defining a surface for 
supporting the 3-D model during production; 

20 b) a continuous stream jet means for 

ejecting an elongate bead producing continuous stream of 
molten modeling material to meld with previously 
deposited beads, thereby to plot vectors of modeling 
material defining the layers; 

25 c) mounting means mounting the jet means i) 

for simultaneous movement along at least two axes of an 
X, Y, 2 axis coordinate system relative to said surface 
to move the jet means along any desired vector direction 
while said jet means plots said vectors of modeling 

30 material on said surface and ii) for movement of the jet 
means, when desired, along all three of the X, Y, Z axes 
of the system, relative to said surface; and 



10 
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control means i) 
Plotting ccntrol o£ «ve«„t „f 1. ""'"'"^ 

«« Of the X, y 2 axi= " "^'^ ^^""S ">e at Last two 

s =o„t„.un, the ;oL: rtinr 

means to generate vectors of moi^lLT ^ " ^" 

"X the beaas, i„ any .„a alTlJ- ^"""'"' "^""^"^ 
produce, layer by layer hv , "^""'""S required to 

" portion of at urst'r o^te/rfat " = 
the model with a substantia,, "is'lning walls of 

thereby provide waTls " t, " 1?"";"°"' 

=0. . „ael n..er a cor nT: IIT' 
Mid jet means further in.,, 7 " ""'"i" 

" -a„s jet ^ans, for .Jectinr<^°. ' °" ^« 

-OPS Of ,»ite„ .oderi: ' ^ter^r" ^^"^^^-^ 
overlap previously deposited discret. b T " 
e«ent and to „eld with previolslv " ' 

heads, thereby to clot ^/'^^'^^ deposited discrete 

- -fining the Ly:rs^":„rt":: siid^ier' 

co^nbined drop on demand and contin!"s strearr " * 
for selectively ejecting one of i, a ' """" 
producing continuous stream and ii, dit"'"' 
. ~- -OPS Of modeling material^'asr"::.^'" 

oo.risingT; reHf ^^r^iff-thrt: oV-th^""'-" 

-th a Single layer of modeling materiA^"' ""'^ 

"r.t half" f aTlrfL" « etr » 
wan Of the during a f i^st pfss""" 

-terial o^' a seratff T.l 1 ^ ' 

outer and lattice wall of " " 

vail Of the model during a second 



wo 97/17664 



-63- 



PCT/US96/1'>044 



pass, such that the molten modeling material flows down 
the sides of the walls and, due to capillary action, 
surface cohesion and surface tension, contact and meld 
with adjacent beads, closing off the top of the model 
5 with a single layer of modeling material. 

52. The method according to claim 51, further 
comprising the steps of: 

before closing off the top of the model with 
a single layer of modeling material, machining the last 
10 deposited layer along plane defined by the layer; and 
after closing off the top of the model with a 
single layer 151 of modeling material, machining along 
a plane defined by the layer. 
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